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The National Institute of Mental Health initiative called the Research Domain Criteria 
(RDoC) project aims to provide a new approach to understanding mental illness grounded 
in the fundamental domains of human behavior and psychological functioning. To this 
end the RDoC framework encourages researchers and clinicians to think outside the 
[diagnostic] box, by studying symptoms, behaviors or biomarkers that cut across traditional 
mental illness categories. In this article we examine and discuss how the RDoC framework 
can improve our understanding of psychopathology by zeroing in on hallucinations- now 
widely recognized as a symptom that occurs in a range of clinical and non-clinical groups. 
We focus on a single domain of functioning — namely cognitive [inhibitory] control — and 
assimilate key findings structured around the basic RDoC "units of analysis," which span 
the range from observable behavior to molecular genetics. Our synthesis and critique 
of the literature provides a deeper understanding of the mechanisms involved in the 
emergence of auditory hallucinations, linked to the individual dynamics of inhibitory 
development before and after puberty; favors separate developmental trajectories for 
clinical and non-clinical hallucinations; yields new insights into co-occurring emotional and 
behavioral problems; and suggests some novel avenues for treatment. 

Keywords: hallucinations, hearing voices. Research Domain Criteria project, inhibitory control, cognition 



INTRODUCTION 

The National Institute of Mental Health (NIMH) Research 
Domain Criteria (RDoC) project aims to provide the founda- 
tions for a new approach to the classification and treatment 
of mental illness (Insel et al., 2010; Cuthbert and Insel, 2013). 
Specifically, the RDoC initiative was designed to provide "new 
ways of classifying mental disorders based on dimensions of observ- 
able behavior and neurobiological measures" (National Institute of 
Mental Health, 2013, p. 9). As an inherently dimensional system 
it naturally places psychiatric disorders on a continuum with nor- 
mal experience, increasing the likelihood that they will be more 
understandable (Bentall, 1996). 

The RDoC framework is easily visualized as a matrix of 
columns and rows \ The rows correspond to basic functional 
dimensions of human behavior (termed Constructs; see Table 1), 
grouped — at least at the moment — into five higher level Domains: 
Cognitive Systems, Systems for Social Processes, Negative and 
Positive Valence Systems, and Arousal/Regulatory Systems. The 
columns, on the other hand, reflect different levels of description 
or Units of Analysis, ranging from genetic, molecular and cellular 
levels, through neural circuitry and physiology on to observable 



behavior and self-report. Noticeably absent from this structure 
are developmental and environmental perspectives relevant to 
mental disorder, though the intent is the matrix "will enhance 
the study of both areas by promoting a systematic focus on their 
relationship to specific circuits and functions" (National Institute 
of Mental Health, 2013). In short, the RDoC project provides a 
scaffold to rapidly organize and integrate currently available evi- 
dence (Cole, 2013), and to think beyond traditional diagnostic 
boundaries by studying symptoms, behaviors or biomarkers that 
cut across many disorders. The time is ripe, therefore, for clin- 
icians and researchers to take on the challenge and engage in a 
"constructive dialog" to move things forward (Insel et al., 2010, 
p. 750). 

Hallucinations provide a really clear example of a symptom 
without borders, and are intimately linked with how we inter- 
act with others (Longden, 2010; Badcock and Chhabra, 2013). 
Whilst habitually identified as a sign of madness and schizophre- 
nia, at least in contemporary western society (McCarthy-)ones, 
2013), they are neither disorder nor disease specific. For exam- 
ple, auditory hallucinations (AH) — most often in the form of 
hearing "voices" 2 — occur in schizoaffective and bipolar disorder 



^or full description see: http://www.nimh.nih.gov/research-funding/rdoc/ 
index, shtml 



2 We refer to voices and "voices" to distinguish the perception of voices in the 
presence or absence of an external stimulus, respectively. 
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Table 1 | Higher order domains and associated constructs in the RDoC framework. 



Cognitive systems Arousal/modulatory Positive valence systems 
systems 



Negative valence systems Systems for social processes 



Perception 
Attention 
Working memory 

Declarative memory 
Language 
Cognitive control 



Arousal Approach motivation Acute threat (fear) 

Biological rhythms Initial responsiveness to reward Potential threat (anxiety) 

Sleep/wake Sustained responsiveness to Sustained threat 

reward 

Reward learning Loss 

Habit Frustrative non-reward 



Affiliation and attachment 

Social communication 

Perception and understanding of self 

Perception and understanding of others 



(Shinn et al, 2012); borderline personality disorder (Slotema 
et al., 2012; Schroeder et al., 2013); post-traumatic stress disor- 
der (Jessop et al, 2008); dissociative identity disorder (Dorahy 
et al., 2009) and disorders of anxiety and depression (Varghese 
et al., 2011; Wigman et al., 2012). Hallucinations are also more 
common than is often realized in healthy individuals in the 
general community, including children, adolescents, adults and 
the elderly with no diagnosis of mental illness (Kelleher et al., 
2012a,b; Laurens et al., 2012; de Leede-Smith and Barkus, 2013). 
Thus, AH provide a natural opportunity to test the advantages 
and limitations of the RDoC approach. 

A quick search of the literature shows there has been a marked 
rise in the number of studies on the etiology of AH in the last 
decade (Blom and Sommer, 2012; Jardri et al., 2012; Badcock 
et al., 2014). Unitary process accounts of AH have rapidly been 
displaced in favor of multiple deficit models involving a com- 
bination of perceptual, cognitive, and socio-emotional processes 
(Badcock, 2010; Waters et al, 2012; Stephane, 2013) which can 
now be mapped to fill the rows (i.e., Constructs) of the RDoC 
matrix. Similarly, the evidence base on AH includes a wide 
variety of analytic techniques (genetic, pharmacological, neu- 
ral circuitry, neurophysiology, behavior, and phenomenology) 
with which we can begin to populate the columns (i.e., Units of 
Analysis) of the matrix. The purpose of this paper is to illustrate 
this approach by assimilating recent evidence concerning one sin- 
gle construct associated with AH — namely Inhibitory Control 
(from the Cognitive Systems Domain). This choice is not meant 
to imply that this construct is solely or even primarily responsi- 
ble for AH; rather it was chosen because this cognitive function 
has been implicated in generating socially flexible behavior and 
a key RDOC construct linked to AH (Ford et al, in press), and 
because it may be regarded as a gate-keeper that allows AH 
to persist once they are elicited, and not suppressed or inhib- 
ited. Thus, a selective focus on inhibitory control allowed us 
to integrate literature on both normal and abnormal function- 
ing to gain a deeper understanding of the mechanisms involved 
in(auditory) hallucinations, the divergent trajectories to adult 
mental health outcomes (Kaymaz et al, 2012; Fisher et al., 2013) 
and the frequent co-occurrence of other emotional and behav- 
ioral problems. Finally, both strengths and gaps in the matrix are 
highlighted to serve as a guide for future research. Before contin- 
uing, however, it should be noted that a similar analysis could be 
done for the other domains of the RDoC matrix — including other 
constructs from the cognitive systems domain (e.g., perception 



and attention), which are critically involved in AH and show 
individual variation from normal to pathological behavior (see 
Hugdahl et al., 2009a,b) as well as domains which have been rel- 
atively understudied in relation to AH (e.g., Systems for Social 
Processes; see Ford et al., in press). 

COGNITIVE SYSTEMS DOMAIN: CONSTRUCT COGNITIVE 
CONTROL 

The RDoC working group identified six constructs within 
the Cognitive Systems Domain: Cognitive Control, Perception, 
Attention, Declarative and Working Memory, and Language (see 
Table 1). Whilst each of these constructs is believed to be rele- 
vant to AH, the first is particularly salient from the perspective 
of voice hearers themselves since they typically do not feel they 
have direct, voluntary control over their perceptions (David, 
2004), which can influence their take up of effective treatments 
(Freeman et al., 2013). Cognitive control can be thought of as 
the ability to exert top-down control over task relevant processes 
and/or coordinate thoughts and actions to achieve a particular 
goal (Miller and Cohen, 2001). It relies on a superordinate neural 
network, including prefrontal and parietal cortices that interact 
with subcortical areas, components of which maybe differentially 
activated depending on the current task demands (Niendam et al., 
2012). 

SUBCOMPONENT— INHIBITORY CONTROL 

A fundamental aspect of cognitive control is the ability to inhibit 
or suppress irrelevant information or actions, so that a task- 
appropriate response can be made. Inhibition can take many 
forms and may best be described as a "family" of processes which 
vary in terms of what is being inhibited (e.g., thoughts or behav- 
ior) and how inhibition occurs (e.g., triggered by an external 
signal or driven by environmental context), each assayed by dif- 
ferent types of task. In addition, there are large individual and 
age-related differences in inhibitory ability. Alternatively, defined 
in terms of stimuli, cognitive control is necessary in order to 
solve cognitive conflict (Miller and Cohen, 2001; Braver et al, 
2002). Cognitive conflict would appear in situations with simul- 
taneous presence of strong and weak stimulus elements, where 
the strong element causes a perceptual bottom-up response ten- 
dency, and where there is a top-down urge to process the weak 
element. Cognitive control is thus the use of cognitive resources 
to successfully manage cognitive conflict and to resolve stimu- 
lus or instruction interference (Hugdahl et al., 2009a,b). A classic 
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example of a cognitive conflict that would require cognitive con- 
trol as defined above is the Stroop incongruent color task (Stroop, 
1935), where the strong semantic properties of the color word 
stimulus are in conflict with the weak ink color the word is writ- 
ten in. Another situation fitting this definition is the so called 
"forced-attention" dichotic listening task where the strong right 
ear stimulus is in conflict with the instruction to process the weak 
left ear stimulus in the dichotic listening situation (Hugdahl et al., 
2009a). 

The ability to generate a correct inhibitory response is present 
in infancy; however, the consistency of inhibitory control con- 
tinues to improve throughout childhood and adolescence as 
evidenced across a range of inhibitory tasks (Luna et al, 2010, 
2013) before declining with age (Healey et al, 2008). The brain 
circuitry supporting adult levels of inhibitory control centers on 
the prefrontal cortex (PFC), within which the ventral prefrontal 
cortex ( VPFC) is proposed to play a primary role. Imaging studies 
of frontal gray matter volume reveal distinctly non-linear changes 
during development, with peak volume arising around 11-12 
years of age (being somewhat earlier in females), followed by a 
rapid decline during adolescence (Gogtay and Thompson, 2010) 
and further decreases in volume in older adulthood (Elderkin- 
Thompson et al., 2009). In conjunction with these changes, recent 
evidence indicates that inhibitory processing in different subdi- 
visions of PFC exhibits different operating characteristics before 
and after the onset of puberty (Luna et al., 2010). Similarly, 
environmental influences in these distinct stages of develop- 
ment appear to have different ramifications for frontal/inhibitory 
functioning (Hackman and Farah, 2009). In sum, this body of 
knowledge concerning the normative processes underlying cog- 
nitive (inhibitory) control provides a template for understanding 
inhibitory control impairments and the emergence of AH, as well 
as yielding clues about co-occurring emotional and behavioral 
disorders. 



UNITS OF ANALYSIS: SELF-REPORT 

At the level of self-report (see Table 2) there has been a recent 
surge of interest in comparing the phenomenology of AH across 
different groups. Popular symptom assessment tools, such as the 
Psychotic Symptom Rating Scales (Haddock et al., 1999), include 
specific information about perceived control of AH (e.g., Can you 
dismiss or bring on your voices?); though a potential drawback 
of such questions is that they may index both the ability to sup- 
press along with other forms of control. Nonetheless, this type of 
structured interview data shows that perceived control over AH 
is significantly lower in patients with psychosis or borderline per- 
sonality disorder compared to healthy voice hearers (Jessop et al., 
2008; Daalman et al., 201 1), but is similar in patients with disso- 
ciative identity disorder and schizophrenia (Dorahy et al., 2009). 
Moreover, patients with schizophrenia and schizoaffective disor- 
der report that they can differentiate their own verbal thoughts 
from AH (at least in part) on the basis of this sense of control 
(Hoffman et al., 2008). A notable gap in this literature concerns 
the lack of detailed phenomenology of hallucinatory experience 
in older adults; consequently it is still unclear how AH in younger 
and older adults compare. Consequently, a systematic compar- 
ison of self-reported ability to suppress hallucinations across a 
much broader range of diagnostic and age groups is now war- 
ranted. However, though helpful in yielding a deeper insight into 
voice hearers' experiences, subjective report of controllability is 
silent on the nature of the mechanisms involved in AH and does 
not fulfill the need for an objective biomarker or cognitive marker 
which could provide the foundation for a new diagnostic system 
for mental illness (Insel, 2013). 

Adding to the problem of self-reports is the use of structured 
interview scales, like the Positive and Negative Syndrome Scale 
(PANSS: Kay et al, 1987), where data from several dimensions 
are merged into a common score (1-7) given by the clinician. 
Consequently, we are currently working on an Smartphone-based 



Table 2 | Summary of key findings on cognitive/inhibitory control impairments associated with hallucinations using the RDoC matrix. 
COGNITIVE SYSTEMS DOMAIN 



Genes 



Molecules 



Cells 



Circuits 



Physiology 



Behavior 



Self-report 



Paradigms 



COMPONENT PROCESS: INHIBITION OR SUPPRESSION 



Heritability 
estimates for 
striatal and 
cortical DA 



Increased striatal Changes in OFC 



DA synthesis 
capacity 

Hyperexcitation 
of Glutamate 

Hypoexcitation 
of GABA 



density and/or 
morphology 



Superordinate 
PFC-cingulate- 
parietal-subcortical 
system 

Posterior medial 
OFC — sub-cortical 
loop 

Inferior frontal 
gyrus — anterior 
cingulate link 



ERP 200-300 ms 

Decreased 
neuronal activation 
to real voices in 
patients with AH 

Failure of 
inhibition and 
suppression of 
"voices" 



Inhibitory 
difficulties or 
dysfunction 

False alarm rates; 
reality confusion 

Ability to report 
weak, left-ear 
stimulus 

Focused attention 
on "real" external 
voices 



Diminished sense 
of control, e.g., 
PSYRATS Item 11 
(Controllability of 
"voices"). 

Degree of 
real-time control 
(iDichotic: iPhone 
app) 



Repeated 
continuous 
recognition 
memory tasks 

Forced-attention 
dichotic listening 
task 



Abbreviations: AH, auditory hallucination; DA, dopamine; GABA, gamma-Aminobutyric acid; OFC, orbitofrontal cortex; PFC, prefrontal cortex; ERR event related 
potential; PSYRATS, Psychotic Symptom Rating Scale. 
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"app" where the patient uses the built-in slider to indicate sep- 
arable aspects of the experience including: the degree to which 
they feel that the "voices" are coming from the inside or out- 
side of the head (localization dimension); are negative or posi- 
tive in valence (emotional dimension); and how much cognitive 
control they have over the "voices" (cognitive dimension). The 
data are stored in the iPhone/iPod for later retrieval. Such a 
data-driven approach to quantification of AHs has several advan- 
tages over more traditional approaches; it is patient-driven rather 
than therapist-driven, it is anchored in every-day life situations 
rather than the confines of a therapist-office, and it allows for 
data on day-to-day variations in AH parameters not possible to 
obtain with traditional interview scales. Whilst this is a promis- 
ing start, there is a need for developing other new approaches 
to data collection with regard to frequency, intensity and content 
of AHs. 

UNITS OF ANALYSIS: BEHAVIOR 

In contrast, at the behavioral level of analysis considerable 
progress has been made in identifying the cognitive processes 
involved in AH, across diagnostic boundaries (Badcock and 
Hugdahl, 2012a; Waters et al., 2012). Importantly, these stud- 
ies indicate that AH in schizophrenia and in non-schizophrenia 
groups are associated with a specific type of impairment in cog- 
nitive (rather than motor) inhibition (see Fukushima et al., 1990; 
for a review Badcock and Hugdahl, 2012b) For example, Badcock 
and colleagues (Waters et al, 2003; Badcock et al., 2005; Paulik 
et al, 2007) have examined an inhibitory control process associ- 
ated with AH in schizophrenia, and in non-clinical hallucinators 
using a repeated continuous recognition memory task, known 
as the Inhibition of Currently Irrelevant Memories task (ICIM; 
originally developed by Schnider, 2003). This task involves the 
presentation of two (or more) sequences of the same set of 
pictures, shown in a different order each time. In each run, par- 
ticipants have to indicate picture recurrences within that run, 
irrespective of their presentation in previous runs. So, familiarity 
supports correct performance on the first run, but in subsequent 
runs all pictures seem familiar: consequently, accurate perfor- 
mance in the second and later runs depends on the ability to 
inhibit responses (memories) that are irrelevant in the current 
sequence. In fact healthy individuals typically produce few errors 
(false alarms) on this type of task. Though somewhat similar to 
other source memory tasks which involve knowing which episode 
in the past a memory refers to, the ICIM task (and its vari- 
ants) specifically involve "reality filtering," that is, the ability to 
distinguish whether a memory pertains to current reality or not 
(reviewed in Schnider, 2013). 

Applying this task to patients with schizophrenia Waters and 
colleagues showed that the frequency of AH (but not other 
symptoms) was associated with an increasing number of false 
alarms from run to run, signaling an impairment of inhibitory 
control (Waters et al., 2003). Furthermore, patients with cur- 
rent AH made significantly more false alarms on this task than 
non-hallucinating patients, whose performance was not signif- 
icantly different than healthy controls (Badcock et al., 2005). 
Consequently, this failure to suppress currently irrelevant mem- 
ories does not appear to be a general feature of schizophrenia, 



rather it seem to be specifically associated with AH. In other 
words, hallucinations may come about (in part) when poor 
inhibitory control allows representations in memory to intrude 
into current events 3 and become confused with ongoing real- 
ity. Extending these findings beyond the diagnostic boundary of 
schizophrenia, Paulik and colleagues showed a similar, though 
somewhat milder, impairment of inhibitory control on the ICIM 
task in a group of healthy young adults predisposed to hal- 
lucinations, suggesting a continuity of mechanisms in clinical 
and non-clinical hallucinators (Paulik et al., 2007). Furthermore, 
follow-up studies indicated that the critical component underly- 
ing poor performance involves a difficulty intentionally suppress- 
ing unwanted cognitions already held in working memory (Paulik 
et al., 2008). Therefore, one possibility may be that a gradient in 
the severity of inhibitory control contributes to the greater fre- 
quency of hallucinations in psychosis compared to healthy voice 
hearers; though future research needs to show if this is a truly 
linear or a non-linear relationship (see Figure 1). Consequently, 
this specific type of inhibitory control might serve as a cognitive 
marker of risk for AH and more stringent evidence testing this 
proposal is now required. Of note, new findings from Badcock's 
group are encouraging in this regard. This latest data shows that 
students with high scores on the Hypomanic Personality Scale 
(Meads and Bentall, 2008), indexing risk for bipolar disorder, are 
more prone to hallucinate and produce significantly more false 
alarms on the ICIM task compared to those with low scores. 



Such intrusions are not limited to entire episodes from memory (as in 
traumatic replay of whole scenes) but may include intrusion of individual 
components of stored representations (such as words, voices etc). 




© 



re 



0* 



Q 



Increasing frequency of hallucinations 

Abbreviations: AH - auditory hallucinations; OFC - orbitofrontal cortex. 

FIGURE 1 | Schematic representation of possible functional 
relationships between inhibitory control and hallucination frequency. 

Solid black line ' ) depicts a roughly linear association between 
inhibition difficulty and AH frequency. Solid gray line 1 ) indicates a 
potentially non-linear relationship between inhibition and AH frequency, 
characterized by a critical "tipping point" (dashed line) in inhibitory 
dysfunction, beyond which the frequency of hallucinations rises markedly. 
Right vertical axis illustrates the link with the degree of OFC activation, 
which influences the emotional valence of participants' response (details in 
text). 
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Clearly, future research needs to extend this approach to inves- 
tigate a much broader range of clinical and non-clinical groups 
with AH. In particular, it is clear that the prevalence of hallucina- 
tions increases in older adults (aged 60 years plus) (Grimby, 1998; 
Turvey et al, 2001) whilst inhibitory efficiency declines, yet the 
direct association between these factors has never been assessed. 
Furthermore, inhibitory dysfunction is a prominent feature in a 
variety of typically older patient groups, such as Parkinson's dis- 
ease (Gurvich et al., 2007) and Alzheimer's disease (Amieva et al., 
2004), in which hallucinations are also often reported (Scarmeas 
et al., 2005; Diederich et al., 2009). It would, therefore, be useful 
to examine the association between inhibitory control and hal- 
lucinatory experience across all of these groups using the same 
experimental task, in order to determine if they share a common 
mechanistic basis. 

Since cognitive control and inhibition should be independent 
of sensory modalities, impairments should also be observed for 
auditory tasks. Hugdahl et al. (2009a,b) have used a variant of 
the dichotic listening task, both in normal adults and in patients 
with schizophrenia, to study the ability to inhibit a strong audi- 
tory stimulus being presented in one ear simultaneously with a 
weak stimulus presented in the other ear. The instruction is to 
focus attention on the weak stimulus and report it in the presence 
of the strong stimulus, which would require inhibitory control in 
order to resolve the cognitive conflict caused by the simultane- 
ous presence of the strong and weak stimuli. In several studies, 
it has been shown that patients with schizophrenia in general are 
impaired compared to healthy controls to inhibit the strong right 
ear stimulus and report the weak left ear stimulus (Loberg et al., 
1999), and negative correlations between the score on the PANSS 
hallucination item and the ability for inhibitory control in order 
to resolve the cognitive conflict (Hugdahl et al, 2013). The data 
from the dichotic listening task has also revealed that individual 
differences between patients with schizophrenia are larger than 



corresponding differences for healthy controls, something that 
could be related to the specific role played by AH in interfering 
with cognitive control and inhibition. 

The behavioral results described so far emphasize the impor- 
tance of individual differences in inhibitory control in AH. In 
contrast, the role of age-related differences in inhibitory effi- 
ciency have received scant attention, yet are also likely to be 
important in the developmental expression of AH (such as 
the average age of onset of AH) in clinical and non-clinical 
groups. Population-based studies show that AH are relatively 
common in childhood (Bartels-Velthuis et al., 2010; Laurens et al., 
2012), but typically do not last (De Loore et al, 2011). For 
example, Bartels-Velthuis and colleagues reported that in young 
hallucinators (7-8 years) approximately three quarters had dis- 
continued by 13 years (Bartels-Velthuis et al, 2011) — an age 
when frontal cortical systems have usually shifted to a mature 
pattern of functioning. Thus, the vast majority of hallucina- 
tions in childhood may reflect — in part — normal fluctuations in 
development of inhibitory control, which eventually self-correct. 
For others, inhibitory skills may continue to lag behind their 
peers and the tendency to hallucinate persists into adulthood, 
transitioning to psychosis in many — though not all (Fusar-Poli 
et al., 2013; Linscott and van Os, 2013). Critically, the timing of 
onset of AH differs in these groups: for example, in schizophre- 
nia/schizoaffective disorder, borderline personality disorder and 
healthy (non-patient) hallucinators the average age of onset is 
around 20, 16, and 13 years, respectively, (Daalman et al, 2011; 
Slotema et al., 2012). A major issue for the next generation 
of studies will be to ascertain how the dynamics of inhibitory 
control before and after puberty contributes to the variation in 
onset and persistence of AH across diagnostic groups. Moreover, 
these different developmental trajectories undermine the notion 
of a single continuum underlying clinical and non-clinical AH, 
in favor of separate developmental trajectories (see Figure 2). 



RDoC Construct 





Neurobiology 


Increasing frontal GM volume 


Peak 
volume 


Non-linear shift to mature frontal circuitry at puberty 

Decline in GM volume during adolescence 


Inhibitory control 


Environmental 
factors 


Impaired by social adversity/trauma - -- ». 




Development 


Control present in infancy 

improves in childhood 


Ind. diffs.l 
Dev. delay 


Efficiency increases through adolescence into adulthood 


Hallucinations 


Clinical 


Peak AoO PeakAoO Persisting 
Borderline psvchosis psychotic AH 
PD 




Non-clinical 


Childhood transitory AH 


Peak AoO 
prevalence 


Persistent voice hearing - low grade inhibitory impairment 






Age 6 8 10 


12 


14 16 18 20 22 24 



Notes: GM - Gray matter; Ind. diffs - Individual Differences; Dev. delay - Developmental delay; AoO - Age of Onset; AH - Auditory 
Hallucinations; PD - Personality Disorder. 



FIGURE 2 | Schematic illustration of potentially separate pathways to clinical and non-clinical hallucinations linked to the dynamics of inhibitory 
development. 
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Indeed, the growing body of evidence of differences between psy- 
chotic and non-psychotic hallucinations — in the details of their 
form and function — is more consistent with the presence of at 
least two distinct continua (Daalman et al., 2011; Badcock and 
Hugdahl, 2012a; Linscott and van Os, 2013). 

UNITS OF ANALYSIS: CELLS, CIRCUITS, AND PHYSIOLOGY 

The physiological mechanism underlying the inability to inten- 
tionally suppress currently irrelevant memories appears to 
depend on the orbitofrontal cortex (OFC) and related sub- 
cortical circuits (see Schnider, 2013). For example, numerous 
previous studies have documented a reality filtering deficit in 
patients with spontaneous confabulations 4 due to damage in 
posterior medial OFC or regions directly connected to it. These 
patients produce a steep increase in false positive responses on 
the ICIM task across runs, along with an electrophysiological 
signature of deficient transient inhibition at 200-300 ms (see 
Schnider, 2003, 2008; Whelan et al, 2012). Conversely, healthy 
individuals who perform the task well show distinct activation 
of OFC (Schnider et al., 2000). These observations suggest that 
OFC provides a very particular type of memory control, signaling 
whether an activated memory relates to ongoing reality or not. 
The absence of evidence directly linking OFC dysfunction and 
hallucinations across diagnostic categories is an obvious gap in 
the literature. However, the OFC is a particular region of interest 
in psychotic disorders and in ultra-high risk cohorts (who often 
report brief or attenuated AH) believed to be at increased risk for 
psychosis (lung et al, 2012; Kubota et al., 2012; Bartholomeusz 
et al, 2013). For example, progressive gray matter loss in OFC 
and temporal regions predates the onset of psychosis in ultra- 
high risk groups but not in those who do not progress to illness, 
(Gogtay et al., 2011) and may be a heritable component of both 
schizophrenia and bipolar disorder (Moran et al, 2013). These 
findings would be compatible with a role for OFC as a neuro- 
anatomical marker of risk for AH as psychosis is developing, but 
this proposal is yet to be validated. 

The OFC is also known to be involved in a range other func- 
tions, including social and emotional cognition (Nestor et al., 
2013), which may provide new avenues for understanding AH. 
For example, the degree of activation of OFC is correlated 
with the valence (pleasure/ displeasure) of participants' emotional 
response: as activity decreases the unpleasantness experienced 
increases and pleasantness decreases (Wilson-Mendenhall et al., 
2013). Thus, underlying differences in OFC activation could con- 
tribute to the prominent differences in emotional valence of 
AH in clinical (predominantly negative: less OFC activation) 
and non-clinical (predominantly positive: more OFC activation) 
groups (Daalman et al., 2011; see Figure 1). In fact, if this pro- 
posal is correct then significant differences in age of onset, fre- 
quency and valence of AH in psychotic and healthy voice hearers 
may share a common functional basis, linked to the degree of 
impairment in OFC circuitry. Other areas and networks which 
are critical for cognitive control as a way of resolving cognitive 
conflict include the dorsolateral PFC, and the anterior cingulate 



4 These clinical studies also serve as a reminder that dysfunctional inhibition 
is not solely associated with AH. 



cortex (ACC) (Niendam et al., 2012). For example, Hugdahl's 
group has shown that in healthy young and old subjects the 
inhibitory control seen in the forced-attention dichotic listen- 
ing task is mediated by the inferior frontal gyrus and anterior 
cingulate gyrus in the PFC (Thomsen et al., 2004). These brain 
regions have also been implicated in failure of inhibitory control 
in schizophrenia patients (Hugdahl et al., 2009b), and in partic- 
ular the failure to direct attention control away from the "voices" 
and toward stimuli in the surrounding environment. 

UNITS OF ANALYSIS: MOLECULES AND GENES 

Emerging evidence from molecular genetics points to several can- 
didate genes associated with an increased risk for hallucinations 
in schizophrenia or schizoaffective disorder (Sun et al, 2012), 
implicating multiple neurotransmitter systems, though their spe- 
cific contribution to orbitofrontal reality filtering remains largely 
uncharted territory. The exception in this literature is that the 
ability to suppress currently irrelevant memories, as measured 
with the ICIM task, is known to be modulated by the neuro- 
transmitter dopamine (Pihan et al., 2004). For example, healthy 
individuals in a hyper-dopaminergic state (induced by L-dopa) 
have been shown to produce a specific increase in false alarms on 
a challenging version of the ICIM test compared to when they 
received a dopamine antagonist (risperidone) (Schnider et al., 
2010). Importantly, the detection of picture repetitions was not 
significantly influenced by L-dopa, which makes a general fail- 
ure of behavioral inhibition unlikely. Indeed, Schnider (2013) 
has suggested that in healthy subjects a specific process may be 
involved in which OFC activity transiently inhibits subcortical 
dopaminergic neurons, signaling that a memory doesn't relate 
to the present reality. These observations are intriguing in view of 
the long-held belief that dopaminergic dysfunction is involved in 
the development of psychosis (Laruelle and Abi-Dargham, 1999). 
In fact, current theories suggest that striatal hyper-dopaminergia 
is centrally involved in the emergence of positive symptoms such 
as AH (Howes and Kapur, 2009) and elevated striatal dopamine 
synthesis capacity is consistently reported in those at ultra-high 
risk for psychosis (Howes et al, 2009, 2011; Egerton et al., 
2013). As yet, it is unknown if similar elevations occur in other 
diagnostic groups experiencing AH. However, recent data shows 
that dopamine synthesis capacity is not significantly different in 
healthy individuals with AH compared to non-hallucinating con- 
trols (Howes et al., 2013), thus the endogenous neurobiological 
determinants of AH seem to differ in those on a trajectory to 
psychosis vs. healthy voice hearers. 

In addition to a hyper-dopaminergia as contributing to pos- 
itive symptoms, it is possible that both glutamate and gamma- 
Aminobutyric acid (GAB A) are involved in the elicitation of AH 
and the failure of cognitive control functions to inhibit or con- 
trol the "voices" once they occur, respectively. Hyper-excitation 
of glutamate receptors in temporal lobe areas could be mediat- 
ing findings of increased neuronal activation in these areas during 
states of hallucinations, at least in patients with schizophrenia 
(see Silbersweig et al., 1995; Dierks et al., 1999; Jardri et al., 
201 1; Kompus et al, 201 1 for studies showing increased activation 
in relation to AHs), possibly causing the perception of some- 
one speaking to the patient. It is often forgotten that glutamate 
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receptors are the most widely distributed receptors in the cortex 
(Buzsaki et al, 2007), and glutamate being the primary excita- 
tory transmitter. This is in contrast to dopamine receptors which 
are relatively few in the PFC compared to the striatum and basal 
ganglia. Similarly, it could be hypothesized that hypo-excitation 
of GABA receptors, being the major inhibitory transmitter, in 
prefrontal areas could be a mediating factor behind a failure of 
inhibitory control in AH patients with psychosis. Consequently, 
we suggest the glutamate/GABA balance in temporal and frontal 
lobe areas may be disturbed in schizophrenia, and that the rela- 
tive imbalance of glutamate and GABA activity may be mediating 
both the perceptual quality of AHs and the reduced resources 
for inhibitory control seen in these patients. Glutamate and 
GABA concentrations can be measured on a voxel-basis in the 
brain with MR spectroscopy, and although quantification of these 
metabolites, and in particular GABA, are currently a challenge, 
promising new ways how to circumvent these measurement prob- 
lems are under way in several labs around the world (see Puts 
and Edden, 2012; Mullins et al., 2014). A glutamate hypothesis 
behind some of the pathophysiology seen in schizophrenia is not 
new (see Coyle, 2006 — where abnormal functioning of glutamate 
receptors, and the interaction with GABA receptor inter-neurons, 
has been suggested to be involved in the pathophysiology of 
schizophrenia, and contribute to negative symptoms). We now 
suggest an extension of the glutamate hypothesis for schizophre- 
nia by suggesting that the glutamate/GABA axis may play a 
significant role also for positive symptoms and in particular for 
AH (cf. Allen et al., 2012). 

In drilling down through the various levels of analysis in 
the RDoC matrix it is easy to succumb to an exclusively 
biological and unidirectional explanatory model of AH (e.g., 
genes— >OFC— >- inhibitory control— > AH). So it's important that 
each unit of analysis is also viewed from an environmental lens. 
For example, there is a substantial body of evidence linking child- 
hood trauma and social adversity with the emergence of AH 
(e.g., in psychosis and non-clinical hallucinators, Bartels-Velthuis 
et al., 2012; Bentall et al, 2012; Daalman et al, 2012; bipo- 
lar disorder, Hammersley et al., 2003; borderline PD, Schroeder 
et al, 2013). The mechanisms involved are still far from clear 
and undoubtedly complex. However, several recent lines of evi- 
dence suggest, for example, that striatal dopamine function is 
adaptive to individual environmental stressors (Martinez et al., 
2010; Stokes et al., 2013) and, therefore, provides at least one 
plausible explanation for how trauma increases the risk for AH 
across diagnostic boundaries. Thus, based on the available data, 
exposure to significant social stressors should be associated with 
elevated DA synthesis, which in turn should lead to greater 
difficulty in reality filtering (i.e., inhibitory control) and a cor- 
responding increase in the tendency to hallucinate — regardless of 
diagnosis. Clearly, there may be other causal pathways involved 
(Gracie et al., 2007; Varese et al, 2012), but this specific the- 
oretical proposal, illustrating the potential power of the RDoC 
framework, is readily testable and requires further investigation. 
In sum, by systematically integrating environmental and bio- 
logical perspectives we may get a more complete understanding 
of the mechanisms underlying AH in clinical and non-clinical 
groups. 



UNITS OF ANALYSIS: PARADIGMS 

A dimensional approach in the sense advocated by the RDoC 
approach would ideally allow for assessment and quantifica- 
tion of different cognitive domains within the same assessment 
paradigm. This is typically not done, and for good reasons since 
different cognitive constructs, e.g., perception, attention, cog- 
nitive control, traditionally require different paradigms or tests 
when assessing patients and healthy individuals. However, the 
ICM task allows for assessment of memory as well as intentional 
inhibition within the same task. Furthermore, since the compo- 
nent processes critical to AH are becoming clear, the next step 
should be to delineate its psychometric properties and optimal 
configuration (e.g., number of runs, target to distracter ratio) in 
order to assist its translation into clinical practice. 

Similarly, a variant of the dichotic listening paradigm, orig- 
inally labeled "forced-attention" dichotic listening by Hugdahl 
and Andersson ( 1986) allows for the successive assessment of per- 
ceptual, attention and cognitive control abilities within the same 
paradigm. Originally an experimental paradigm for the assess- 
ment of cerebral localization of speech perception, the forced- 
attention dichotic listening paradigm has become a tool for 
clinical assessment of a wide range of psychiatric and neurolog- 
ical disorders (see Hugdahl et al., 2009a,b for an overview), and 
would nicely fit the requirements for an assessment paradigm 
that cuts across cognitive domains as indicated in the RDoC. 
In two recent papers, Hugdahl et al. (2012, 2013) have shown 
that patients with AH clearly deviate from healthy controls on 
the three cognitive constructs — perception, attention, and cog- 
nitive control — and that this paradigm could be a valuable tool 
for assessing AH in both psychotic and non-psychotic individu- 
als hearing "voices." There are several advantages with being able 
to study different cognitive constructs with a single paradigm, 
which is opposite to the more traditional approach of studying 
a single construct with different paradigms. First of all a single 
paradigm allows for within-construct comparisons on the same 
individual, i.e., differences in degree of impairment between the 
implicated cognitive constructs can be statistically evaluated on 
an individual level. Second, it allows for statistical evaluation of 
interaction effects between constructs and patients vs. healthy 
controls. Third, it allows for tight experimental control, since 
all stimulus parameters stay constant across the different con- 
ditions, only the instructions differ, inducing different cognitive 
constructs. The idea of developing novel paradigms, or utilizing 
existing paradigms in novel applications for the study of AH, and 
also other aspects of mental disorders, that would follow from an 
RDoC approach is an interesting and promising endeavor that is 
to be encouraged in future research. 

COMORBIDITY AND DIVERGENT TRAJECTORIES 

An additional advantage that emerges from the RDoC approach 
is the potential to account for co-occurring symptoms routinely 
associated with AH in community and clinic settings. For exam- 
ple, a range of studies have shown that hallucinations during 
childhood often present with concurrent emotional (e.g., anxi- 
ety, depression) and behavioral (e.g., conduct problems, inatten- 
tion) difficulties (Askenazy et al., 2007; Armando et al., 2010; 
Laurens et al., 2012), and those that persist are associated with 
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an increased risk for both internalizing and externalizing disor- 
ders later in adolescence (Downs et al, 2013; Kelleher et al., 2013) 
as well as social dysfunction, affective disorder, substance misuse 
and psychosis in adulthood (Dhossche et al., 2002; Rossler et al., 
2007; De Loore et al., 2011; van Rossum et al., 2011). This pattern 
of comorbidity and divergent trajectories is consistent with the 
idea that psychotic symptoms index risk for a wide range of psy- 
chopathological outcomes, not limited to psychosis (Rossler et al., 
2011; Kelleher et al, 2012a,b; Fusar-Poli et al., 2013), and points 
to some shared or common deficits in cognitive control. Current 
evidence shows, for example, that in healthy individuals the OFC 
plays a role in emotional processing, complex decision making 
and adaptive social behavior (Kringelbach, 2005; Farrow et al., 
2011) whilst impaired inhibitory control and hypo-activation of 
OFC, typical of AH, have been linked with adolescent impul- 
sivity and initiation of drug use (Whelan et al., 2012) as well 
as oppositional defiant disorder and conduct disorder (Matthys 
et al., 2013). We suggest that whilst several previous studies have 
documented the range of emotional and behavioral difficulties 
that occur alongside AH they have largely failed to unravel the 
etiological processes involved. However, by adopting the forced- 
attention dichotic listening task and/or the ICIM task we may 
now begin to explore the mechanisms underlying the com- 
plex symptom presentation and divergent trajectories associated 
with AH. 

TREATMENT IMPLICATIONS 

Although the RDoC initiative is a classification system aimed at 
research (Insel et al., 2010), its different domains and dimen- 
sions may have some varied implications for treatment. Before 
discussing such implications, we would like to make a distinction 
regarding what is meant by "treatment" in general, since this is 
typically confused in the literature. Our argument is that depend- 
ing on how one looks at "treatment," the RDoC approach may be 
relatively more applicable to one level of treatment than another. 
We would like to introduce a three-level approach to the mean- 
ing of "treatment": (1) in a classic and every-day meaning of the 
word, "treatment" is used in the sense of "curing" the patient. 
For schizophrenia this would mean the abolishment of symp- 
toms, restoration of normal cognitive and emotional functioning, 
normal social and interpersonal behavior. This usage is synony- 
mous with pharmacological treatment. (2) A second meaning is 
what is typically seen as the purview of psychotherapy, which aims 
at changing the mind-setting of the patient, to induce a differ- 
ent "strategy" of how to think of symptoms, other people, the 
environment etc. Here the patient is not "cured," but adopts a 
new cognitive strategy of how to meet psychological challenges. 
(3) A third meaning of the word is in the sense of a "training" 
routine, which aims at changing a specific behavioral or cogni- 
tive function, e.g., to train how to learn to shift attention away 
from hallucinated "voices" and to external stimuli whenever the 
"voices" occur: here the patient is not cured, is not taught a new 
general strategy, but learns how to cope with a specific symp- 
tom, whenever it occurs. We would like to suggest that focus 
on the different RDoC may have different treatment implica- 
tions, operating over different time scales. For example, focus 
on the "Arousal/modulatory systems," including also biological 



rhythms and sleep-wake cycles, might have immediate impli- 
cations for pharmacological treatment in the classic sense of 
curing the patient. Focus on "Systems for social processes" con- 
taining affiliation and attachment, social communication, and 
the understanding of others would have longer term implica- 
tions for a psychotherapy approach to treatment, while focus 
on the "Cognitive systems," like attention, working memory etc. 
will have both short and long-term implications for a training 
approach to treatment. These examples are clearly not exhaus- 
tive but are included to illustrate the flexibility that the RDoC 
approach to psychiatric diagnosis allows. 

Turning now to our specific focus on cognitive control we 
argue that a better understanding of the mechanisms involved 
in inhibitory processing may have clinical implications for the 
treatment of AH through the development of new cognitive 
training routines where patients can learn how to overcome 
loss of inhibitory control by being trained to focus attention of 
the weaker surrounding stimuli rather than the stronger inner 
"voices." For example, Soveri etal. (2013) have already shown how 
training to re-focus attention to the weaker sound in the dichotic 
listening situation can be established after 3-4 weeks of daily 
training. However, caution should be invoked when interpreting 
these findings since this study was performed on healthy indi- 
viduals and such findings cannot be automatically generalized to 
patients. However, recent attempts to apply the same paradigm to 
patients experiencing AH have provided some promising results. 
These direct clinical attempts, using an iPod Touch version of the 
paradigm, involve patients being trained in their home environ- 
ment for 3-4 weeks under guidance, and then being given the 
device to use whenever they feel the "voices" are becoming over- 
whelming. Although not all patients have been equally successful 
in increasing their ability to re-focus attention and exert cogni- 
tive control, most of the patients tested so far (N = 15) have 
reported that "training has helped me to start fighting back when 
the voices command me, not just be a passive follower of what they 
say," and "I feel more confident of myself and that I can withstand 
the voices" which are quotations from two patients after 4 weeks 
of training with the iPod Touch app. Clearly this preliminary evi- 
dence requires experimental validation, but these early clinical 
reports provide essential information about how patients actu- 
ally experience a remediation attempt and are too often ignored 
in clinical research. Thus, a simple smart phone device can open 
up new avenues for cognitive training, which may have direct 
clinical utility. Similarly, a glutamate/GABA perspective on AH 
may also have clinical implications since current drug treatments 
primarily target dopamine D1/2 receptors (Howes et al, 2012), 
and the development of new drug targets could be beneficial for 
the amelioration of AH symptoms as well. In sum, we suggest 
that similar novel treatment approaches may be derived from an 
RDoC approach, and should be explored in future research and 
clinical practice. 

CONCLUDING REMARKS, FUTURE DIRECTIONS— VERTICAL 
SYNERGY 

The RDoC project takes a fundamentally dimensional approach 
to conceptualizing mental illness and therefore has much in 
common with existing continuum models of AH. Our review 
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significantly extends this previous work by encouraging a more 
integrated understanding of the biological, cognitive, and social 
mechanisms of inhibitory control involved in AH, framed within 
an explicitly developmental perspective. It also provides new 
insights into the complex mix of other non-psychotic symptoms 
that often co-occur with AH, and suggests a stratified way of 
thinking about treatment. However, in completing the RDoC 
matrix it is clear that a number of gaps and shortcomings in the 
available data on AH remain. Most importantly, research on AH 
in psychosis has tended to overshadow studies of the experience of 
hallucinations in other mental disorders, which deserve a greater 
focus by the research community. Similarly, whilst behavioral and 
physiological work on AH has made significant advances we note 
(Table 2) the dearth of evidence linking the cellular level of anal- 
ysis to AH and inhibitory control, which warrants further inves- 
tigation (Johnsen et al, 2013), as well as far too little attention to 
the impact of environmental/social factors on each separate unit 
of functioning. Indeed a challenge for future research will be to 
examine multiple units of analysis simultaneously, to probe the 
behavioral and psychological mechanisms of inhibitory control 
that drive the onset and persistence/severity of AH. 

We are aware that the focus in this article is limited to only 
a single domain of [cognitive] functioning, and it is clear that 
future research will need to determine how dysregulation in this 
domain interacts with other domains of functioning known to be 
important in AH (such as affective prosody deficits in the Social 
Process domain) or for effective cognitive performance in gen- 
eral (such as circadian variability from the Arousal/regulatory 
systems domain). An important implication arising from this 
analysis is that mixing participants with and without AH within 
a single study means that you will have groups that draw on 
different etiological mechanisms. Future research designs will 
benefit from linking phenomenological, neuronal and cognitive 
data (rows x columns) to form more homogenous clusters of 
hallucinatory experiences that can then be used to develop indi- 
vidually tailored treatments (Stephane, 2013). We would like to 
end this review of possible implications for research of an RDoC 
approach by providing an example of a comprehensive research 
agenda focused on AH that attempts to track the understand- 
ing of the underlying mechanisms in AH from the molecular 
to the clinical levels of explanation. We have labeled such an 
approach "vertical synergy," in the sense of utilizing knowledge 
from different levels of understanding in a vertical perspective, 
from phenomenology to molecules. A vertical synergy agenda is 
inspired by the ideas in the RDoC approach and represents a 
"rows x columns" matrix for advancing our knowledge of one 
of the most severe symptoms, AH, in one of the most severe 
mental disorders, schizophrenia. Starting at the top, most empir- 
ical evidence points to the fact that the phenomenology of AH 
involves a subjective experience of hearing a "voice." This means 
that at the second level of explanation — the cognitive level — 
AH involves a perceptual quality, and in particular the quality 
of a speech percept since the subjective experience is typically 
of a person "speaking to the patient." The perceptual nature of 
AH has been evidenced in the studies by Green et al. (1994), 
Woodruff et al. (1997), and Hugdahl et al. (2012). Granted a 
speech perception explanation at the cognitive level of analysis, 



the next question is: "what could be causing such an experience 
in the absence of a physical stimulus, at the neuronal level?" A 
reasonable first hypothesis would be to look for neuronal abnor- 
mality in brain areas connected with speech perception in the 
temporal lobes, moving down to a circuitry, or systems, level of 
explanation. Several studies have revealed faulty neuronal net- 
works involving the temporal lobes in hallucinating patients, 
using EEG, PET, and fMRI (Silbersweig et al, 1995; Dierks et al, 
1999; Ford et al, 2001; Hugdahl et al., 2008; see also meta- 
analyses in Jardri et al, 201 1 and Kompus et al., 201 1) confirming 
abnormality in especially left temporal lobe areas during AHs, 
which are hyper-activated during AH episodes. At the same time, 
Hugdahl et al. (2013) showed that the ability to suppress an exter- 
nal stimulus is negatively correlated with the frequency of AH, 
pointing to a corresponding hypo-activation of prefrontal brain 
areas, which could explain why AHs are not inhibited once per- 
ceived. All this leads to the next level of explanation, i.e., which 
transmitters and receptors are dysfunctional?- causing neuronal 
abnormality at the circuitry level, which in turn gives rise to 
a virtual perceptual experience that has the phenomenological, 
or subjective, quality of a person "speaking" to the individual, 
and why this is not suppressed or inhibited. Several hypotheses 
have been advanced that involve both the dopaminergic and glu- 
tamatergic transmitter systems. From the hypothesis advocated 
by Kapur and Mamo (2003) that dopaminergic transmission is 
dys-regulated in schizophrenia, leading to an abnormal salience 
to external and internal stimuli, it could be further hypothe- 
sized that AH result from an abnormal salience to inner stimuli 
that occur spontaneously (see also Johnsen et al., 2013). Such 
a hypothesis can, however not explain why the "voices" are not 
inhibited, only how they are initiated. A more recent, untested, 
proposal is therefore that glutamaterigic hyper- activity may be 
directly or indirectly involved in the elicitation of AH and that 
these are not cognitively inhibited owing to GABAergic hypo- 
activity in PFC (Johnsen et al., 2013). This is a challenging 
hypothesis, that could be tested with MR spectroscopy from vox- 
els in the temporal and frontal lobes, respectively, which could 
explain both the spontaneous excitatory initiation due to gluta- 
mate activity, and subsequent failure of inhibition due to defi- 
cient GABA activity. An RDoC approach would also require an 
attempt to explain AH at the molecular, genetic level of analy- 
sis. However, as stated by Sanjuan et al. (2013), "although a large 
number of studies have examined the influence of environmental 
risk factors. . .for hallucinations. . .the molecular genetic predispo- 
sitions has received little attention" (p. 235). This also holds for 
a dimensional approach to hallucinations, in that no molecular 
study exists of the genetic basis for "hearing voices" in non- 
psychotic individuals. A few studies exist that have linked genetic 
influences on glutamate, GABA and dopamine effects on neurons 
in a thalamo-cortical network, although the results are far from 
conclusive (Behrendt and Young, 2004). Thus, more research is 
needed to reveal the underlying molecular architecture behind 
AH in both clinical and non-clinical populations. Because AH 
manifest itself as such powerful behaviors, influencing the entire 
cognitive and emotional set-up of an individual it is reasonable 
to assume that such pervasive behavioral effects must have a 
biological cause. 
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